Dryland agriculture is both a potential source and potential sink for CO 2 and other greenhouse gases. Many carbon accounting systems apply simple emissions factors to production units to estimate greenhouse gas fluxes. However, in Australia, substantial variation in climate, soils and management across >20 mill. ha of field crop sowings and >30 mill. ha of sown pastures in the intensive land use zone, provides substantial challenges for a national carbon accounting system, and simple emission factors are unlikely to apply across the region. In Australia a model framework has been developed that requires estimates of crop dry matter production and harvested yield as the first step to obtain carbon (residue) inputs. We use Australian Bureau of Statistics data to identify which crops would need to be included in such a carbon accounting system. Wheat, barley, lupin and canola accounted for >80% of field crop sowings in Australia in 2006, and a total of 22 crops account for >99% of the sowing area in all States. In some States only four or six crops can account for 99% of the cropping area. We provide a ranking of these crops for Australia and for each Australian State as a focus for the establishment of a comprehensive carbon accounting framework. Horticultural crops, although diverse, are less important in terms of total area and thus C balances for generic viticulture, vegetables and orchard fruit crops should suffice. The dataset of crop areas presented here is the most comprehensive account of crop sowings presented in the literature and provides a useful resource for those interested in Australian agriculture. The field crop rankings presented represent only the area of crop sowings and should not be taken as rankings of importance in terms of the magnitude of all GHG fluxes. This awaits a more detailed analysis of climate, soils and management practices across each of the regions where the crops are grown and their relationships to nitrous oxide and methane emissions. For pastures, there is a need for more detailed, up to date, spatially explicit information on the predominant sown pasture types across the Australian cropping belt before C balances for these can be more reliably modeled at the desired spatial scale.
Introduction
Current trends in predicted changes to climate at global and regional scales have important implications for Australian agriculture, in terms of government policy related to mitigation of greenhouse gases (GHG), and in terms of agronomic and investment responses by farmers. In the future, agricultural crop and pasture systems might play a role in reducing rises in atmospheric carbon dioxide (CO 2 )?, or perhaps in decreasing atmospheric CO 2 and other GHG, by effecting a net transfer of fixed carbon to soil stocks and by reducing emissions of methane and nitrogen oxides. A large part of the response to potential climate change thus involves assessing the role of agricultural production systems in regional and global carbon balances (e.g.Houghton and Hackler 2000; Smith et al. 2000) , and possible agricultural production scenarios under alternative climates (e.g. Rounsevell et al. 2005) . Estimation of crop dry matter residues and carbon content after harvest is required in any carbon balance assessment. Simple approaches to estimating net primary productivity and potential carbon balances of crops at a regional or national scale typically involve estimating crop productivity from regional agricultural yield statistics, and measures of crop harvest index and shoot:root ratios. Such approaches have been used to estimate carbon balances for agricultural production in the USA (Johnson et al. 2006; Prince et al. 2001) , Canada (Bolinder et al. 2007) , the UK (Adger and Subak 1996) and Europe (Vleeshouwers and Verhagen 2002) .
Most countries take simple default 'emission' factors defined by the Intergovernmental Panel on Climate Change (see e.g. Lasco et al. 2006) , and apply these to agricultural production units to estimate greenhouse gas fluxes per unit of production across countries. These are not responsive to management in any way and emissions can only be reduced by decreasing the number of units produced (Tier 1), or by validating lower emissions factors for each unit of production (Tier 2). Australia is moving toward a 'Tier 3' approach for its National Carbon Accounting System (NCAS). This requires the development and validation of sophisticated models or inventory systems to estimate GHG emissions in response to specific biophysical and management conditions at finer spatial scale. The Australian NCAS is based on a suite of integrated models (FullCAM, Richards 2001; Richards and Evans 2004) which aim to simulate the impacts of climate, soils and management on GHG emissions and can provide output at the spatial scale (≤1 ha) required by international conventions. The model houses a range of data surfaces at various scales and also allows for input of data at point scale by specifying geographical coordinates. The agricultural submodels in FullCAM allow management activities to impact on the allocation of carbon to pools within plants, to products (grain) and to crop/pasture residues (CAMAg model). These residues are then passed on to a general (above ground) litter decomposition model (GENDEC model) which feeds broken down organic matter into a variant of the RothC decomposition model (Janik et al. 2002) . The CAMAg model requires the amount of dry matter (DM) in the grains/buds/fruit, stalks, leaves, coarse roots, and fine roots of each crop to be stipulated. The first question then is, for which agricultural crops do we need to obtain dry matter, harvested yield and root data to provide input to a comprehensive national carbon account for Australian agriculture? Australian agriculture is dominated by cereal grains, however there is a range of other crops that are grown in different regions which might also need to be included, particularly if one considers policy responses at the State or regional level, where the principal agricultural crops may vary substantially. Natural resource management, including agricultural lands, is primarily a State responsibility in Australia and much policy implementation will be done at the State level. Occasional reports released by the Australian Bureau of Statistics (ABS) tend to include data for very few crops (e.g. Australian Bureau of Statistics 2008b) and may not cover all of the cropping areas, and other assessments of crop diversity have not provided sufficiently detailed information to rank all crops in terms of the area sown (e.g. Walcott 2004 ). The purpose of the present analysis is to provide an up to date assessment of the agricultural crops in Australian agriculture and in each State, and to identify specifically which crops would be required to be assessed to underpin national and State level estimates of carbon balances in arable agriculture. This challenge may be somewhat greater for Australia when compared to some smaller countries. Australia has total crop sowings exceeding 20 million ha, ranging over 40 o of longitude and 25 o of latitude, resulting in substantial geographical variation in the types of crops grown and the climatic conditions under which they are grown. Given the predominantly rainfed nature of Australian cropping systems, the amount and distribution of rainfall are important determinants of crop selection, growth and yield, with 55% of the cropping area receiving winter dominant rainfall (>65% between April-October), 40% receiving equiseasonal rainfall, and 5% receiving summer dominant rainfall (>65% between November-March). Winter dominant rainfall occurs across southern Australia (southern WA, SA and Vic), equiseasonal rainfall in NSW, and summer dominant rainfall in the northern part of the Queensland cropping belt (Figure 1 ). Readers are referred to Nix (1975) and Cawood (1996) for detailed descriptions of the range of regional climates under which Australian agriculture is practiced. In addition to geographical differences, seasonal variability in climate, particularly the amount and timing of rainfall, leads to considerable variation in the response of field crops to local soil conditions and management.
The present analysis provides an overview of the area of crops grown in each State of Australia and in Australia as a whole, along with the areas irrigated. It provides a basis for prioritising crop types for carbon accounting purposes in each Australian State. The information obtained would also be invaluable for a range of other purposes. AprilOctober), Data collected at the SLA scale is usually aggregated up to State or National level for reporting purposes, allowing an examination of gross changes over time. At finer (SLA) scale, there have been considerable problems in obtaining time series data due to substantial and regular changes in the SLA boundaries, and changes in the proportion of primary producers who have been included in the censuses. Participation in the census is determined by exceedance of a minimum productivity, based on the value of agricultural output (EVAO). At various times the minimum EVAO, for identifying properties for inclusion in the census, has ranged from $1,500 prior to 1982, through $2,500 (1982), $20,000 (1988), $22,500 (1991) , then kept at $5,000 since 1994. This has meant that the fraction of properties included in the census has changed considerably over time and thus the area of agricultural land surveyed has varied. Furthermore, the data items which have been included in the census have also changed over time, due to shifts in agricultural practices, new industries being developed, subsidised collections by specific industries, State priorities, and cost saving measures. Some of these inconsistencies were overcome when a concorded AgStats dataset was assembled for the National Land and Water Resources Audit For the present analysis we obtained SLA level data for the three most recent full Agricultural Censuses conducted by ABS. The 1997 data was obtained from Bureau of Rural Sciences (2000) . The 2001 year data were obtained from the ABS, Geographical Statistical Platform (GSP) database (ABS 2002) and we abstracted from this database all of those items listed under the categories "Cereals", "Non Cereals" and "Non Cereals continued". The 2006 data were from Australian Bureau of Statistics (2008a) . In total these yielded data for 39 field crop items. It should be noted that not all 39 crop items always contained data. Some crop items return "not available" (N/A) when the database is interrogated, although they are listed as data items. This occurs because data were not collected on all items in all States due to differences in the crops grown and particular State requests. Additionally, some data items were not collected in some years. Perennial orchard (fruit, berry and nut) crops, vegetables, nurseries and grapevines were not examined in detail as there are more than 50 such crops listed in the 2006 ABS data and many account for <1000 ha nationally. For some vegetable crops more than one crop may be grown in a year and so summing the total areas may overestimate the area of land devoted to vegetables. Furthermore the ABS does not collect data on the area under individual orchard crop species, but rather the number of bearing and non-bearing trees of each crop. Nevertheless aggregated data for each of the above four crop groups can be extracted from the 2006 census data. All available data were obtained on an SLA area basis and then summed for each State.
Figure 1 Location of land used for cropping and sown pastures in Australia with an indication of whether the rainfall distribution is winter dominant (>65% between

Data on irrigated crops was obtained from Australian Bureau of Statistics (2008c).
Results
Field crops
The field crop items extracted from the ABS data accounted for >20 mill ha of crop sowings in 1997, increasing to 22.8 mill ha in 2006 (Table 1) . This latter figure does not include some 930,000 ha of cereal crops sown for purposes other than grain, and 108,000 ha of undefined noncereal crops, indicating a total of about 23.8 mill ha of crop sowings in Australia in 2006. Wheat (Triticum aestivum) and barley (Hordeum vulgare) alone accounted for 74% of total arable crop sowings. In Table 1 it can be seen that nationally, the carbon balance of only nine crops would need to be considered to account for 95% of the arable cropping area, and only fifteen crop species would be required to cover >99% of all field crop sowings.
As State or regional scale assessments and reporting of agricultural carbon balances are likely to be developed in the future, it is necessary to examine crop sowings at a finer scale. In many instances data were not collected ('dnc') by ABS or the data were aggregated with other crops. For example, in some years or some States, mung beans (Vigna radiata) were assessed in their own right, whereas in other instances they were grouped with other 'field beans'. Similarly millet (principally Setaria italica), was occasionally grouped with 'cereals not elsewhere classified' or sometimes was reported individually. Crop sowings for individual States are presented in Table  2 through to Table 8 Table 2 ) crop sowings increased by 1 mill. ha between 1997 and 2006, principally due to expansion of barley, wheat and sorghum. A further 372,000 ha of cereals for other purposes and 28,000 ha of unspecified non cereal crops were shown in the 2006 statistics which would give a total of >6.7 mill ha of arable crops in NSW. Substantial fluctuations in the total areas sown to irrigated crops such as cotton (Gossypium hirsutum) and rice (Oriza sativa) reflect variation in the availability of water resources. Rice was an important crop in NSW, with sowings of more than 100,000ha in 2006, but it was not important anywhere else, although it has been grown in Victoria, WA and Qld. For summer crops, the amount of rainfall received during the fallow or pre-crop period influences annual sowings. Maize (Zea mays) was an important crop in NSW which was not apparent at the national level, with sowings of 30,000 ha in 2006.
Queensland (Qld) experiences summer dominant rainfall, and here C3 cereal crops accounted for only 43% of crop sowings, with the C4 grasses sugarcane (Saccarum officinarum), sorghum and maize accounting for 44% of the cropping area (Table 3) . In contrast to all other States, the total area of arable crops in Qld did not increase. This may have occurred because of a series of recent dry years and the fact that much of Qld is under "opportunity cropping", where winter crops are sown in response to adequate fallow (summer) rainfall and summer crops in response to adequate winter fallow rainfall. Cotton is important in Queensland and in NSW and is grown both irrigated and dryland (Table 4 ). The 2006 ABS statistics also list >300,000 ha of cereals for forage or as 'not elsewhere classified'. Mung bean, millet and peanut are important crops in Qld, although not important nationally.
Crop sowings in Victoria (Vic) increased in recent years (Table 5) , reaching 3 mill ha in 2006, with a further 81,000 ha of cereals for forage/hay and 25,000 ha of unspecified non-cereal crops. Substantial increases in sowings since 1997 of wheat, barley and lentil (Lens culinaris) were recorded along with decreases in field pea (Pisum sativum) (44%) and narrow-leaf lupin (Lupinus angustifolius) (37% Moving to regions with more strongly winter dominant and lower rainfall, sees the C3 cereals (wheat, barley, oat (Avena sativa) and triticale (x Triticosecale)) account for 87% of crop sowings in South Australia (SA, Table 6 ). A range of grain legumes and canola make up the remainder of arable agriculture in SA. Canola sowings have increased considerably from ca 36,000 ha in 1997 to ca 147,000 ha in 2006. Vetch (Vicia sativa) can be an important crop in SA (and also in Victoria), very often being grown as a forage but this does not show up in grain crop statistics. It is an example of a crop which may be sown and the final purpose (grain or forage) decided later as the season progresses, depending on rainfall, potential grain yield, disease and other factors. Such broadleafed crops grown for forage or green manure would be included in ABS statistics as 'non cereal crops not elsewhere classified', a category showing 16,610 ha for SA in 2006. Lentil is of increasing importance in SA (Table 6 ).
In Western Australia, where cropping is mostly confined to the south-west winter dominant region, wheat, barley, oat and triticale made up 84% of sowings, narrow-leaf lupin (9%), canola (6%) and field pea (1%) accounted for the remainder (Table 7) . Western Australia had the largest total area of crop sowings, 7.39 mill. ha in 2006, with only about 90,000 ha of unspecified cereal and non-cereal crops in the ABS statistics. There was a shift in grain legume sowings in WA in recent years, with a decline in lupin sowings of 38% since 1997, due to the arrival of anthracnose (Colletotrichum gloeosporioides) disease, the high cost of controlling herbicide resistant weeds and other pressures on crop gross margins. Chickpea (Cicer arietinum) sowings similarly decreased in WA. Throughout Australia sowings of broadleafed crops are more sensitive to late or low autumn rainfall which delays sowing, shortening the growing season and resulting in flowers being exposed to greater temperature extremes. The greater sensitivity of flowering and grain fill to climatic conditions than alternative cereal crops combined with higher input costs means that broadleafed field crops present a greater financial risk than cereals. Drought conditions in recent years may thus have reduced sowings of broadleafed crops across the Australian cropping zone. Regardless, narrow-leaf lupin remains a major crop in Western Australia, but not in any other State, nor indeed elsewhere in the world.
The island of Tasmania had only 35,000 -40,000 ha of arable land (Table 8 ) with barley (26%), wheat (24%) and oilseed poppies (Papaver somniferum ) (23%) accounting for the bulk of sowings. Poppies are another example of a regionally important crop. They are grown primarily for the production of pharmaceutical opiates (codeine and thebaine), and while they account for <1% of crop sowings nationally, they account for 38 (1997) -23% (2006) of the cropping area in Tasmania. A decrease in sowings of poppy from 158,00 ha in 1997 to 7,422 ha in 2006 resulted from a global oversupply of opiates, and more recently, a shortage of irrigation water. Triticale, canola, lupin, field pea and hops (Humulus lupulus) together total <3,500 ha in Tasmania.
Irrigated field crops
About 1 million ha of field crops were irrigated in [2005] [2006] in Australia (Table 9) . Together, NSW (0.5 mill ha) and Queensland (0.375 mill ha) accounted for 92% of the total irrigated cropping area (mostly cereals, cotton, sugarcane and rice), with Victoria having 5% of the remaining irrigated cropping area. A small amount of sugarcane was grown under irrigated conditions in the north of Western Australia in 2006, but there is only nominal irrigation of sugarcane crops in NSW.
Horticulture
Horticultural crops accounted for <1 mill. ha across the country in 2006 (Table 11 ) and are principally grown in the States bordering the Murray-Darling river system which provides the irrigation. Together NSW (40,198 ha), Victoria (58,401 ha) and SA (73,088 ha) accounted for >90% of the total area under viticulture, and 70% of the area under fruit and nut crops, although Queensland has 29% (37,668 ha) of the total vegetable crop sowings and considerable areas of banana (Musa spp) (11,109 ha) and pineapple (Ananas sativus) (4, 900ha). Potato (Solanum tuberosum) (35,268 ha) is the most widely grown vegetable crop, accounting for 27% of all vegetable sowings, followed by tomato (Lycopersicon esculentum) (6%).
Discussion
For field crops our analysis has identified four crops (wheat, barley, lupin and canola) that together accounted for >80% of sowings in Australia in 2006, and only fifteen crops that accounted for >99% of the total sowing area nationally. Differences in sowings between years may alter the relative importance of crops at the lower end of the rankings and some of these may fall in or out, and indeed some crops like mung bean and millet may have been important in 2006 but were not specifically identified in ABS statistics. We have included these in the Queensland list where they have been important crops in the past. In variable climates such as experienced in Australia (Nicholls et al. 1997 ) areas sown to summer (e.g. sunflower) or irrigated crops (e.g. cotton and rice) may fluctuate widely depending on stored soil water and irrigation water allocations. An additional seven crops need to be included to cover 99% of all field crop sowings (Table 10) in each State. This includes maize in NSW, soybean, mungbean, peanut and millet in Queensland, and oil poppies in Tasmania. Vetch (Vicia sativa) may also be important in SA and Victoria, especially if one were to include the hay/forage sowings which are not specifically identified in the ABS census data. Where crops are grown either irrigated or rainfed (e.g. cotton), C accounting would need to be done separately for each as crop productivity and soil C mineralisation would be considerably different.
The field crop rankings presented for crops in Table 10 represent only the area of crop sowings and should not be taken as rankings of GHG emissions . This requires a more detailed analysis of climate, soils and management practices across each of the regions where the crops are grown, and only then can their relative importance to Australia's total GHG balance be ascertained. However, together the cropping sector is only estimated to account for about 5% of total GHG emissions, while the livestock sector is thought to account for about 11% of all emissions in Australia (Department of Climate Change 2008).
To establish gross annual crop C balances for all of these crops for the FullCAM model will require an assessment of the annual productivity of each crop and the amount of C exported off site in harvested material. It will also require an estimate of the amount of C belowground in crop roots. Obtaining accurate values for these across the breadth of the Australian cropping zone remains a challenge. While wheat, barley and canola are grown across all States under a wide range of growing conditions, many of the other crops identified in Table 10 are grown in more restricted geographical ranges, with less variation in climates and soil types, and these may be more easily dealt with. Nevertheless, this will represent an ongoing challenge for such a large land area subject to substantial variation in climate from year to year and region to region, much more so than for countries which have a lesser variation in latitude (e.g. UK Adger and Subak 1996).
The matrix presented in Table 10 identifies the most important crops by State in 2006. Focusing entirely on these combinations will allow a current C account to be constructed but would not allow scenario analysis for the adoption of other crop rotations in other regions. However, generic "crop" types such as "crop legume" (lupin, pea, faba bean) or "C3 cereal" (wheat, barley, triticale, oat) may be sufficiently robust to allow exploration of possible C balances under alternative cropping systems, and point based models such as APSIM (Keating et al. 2003) could provide useful insight in this arena. Aggregation of crops into generic groups such as the C3 cereals (excluding rice) or the grain legumes (field pea, lupin, faba bean) may provide opportunities to reduce the number of crop types that would need to be modeled as has been done elsewhere (e.g. Vleeshouwers and Verhagen 2002) . However, before any such aggregation can be done a thorough comparative assessment of the individual crop C budgets is required, under the conditions that they are grown commercially.
The total area sown to horticultural crops from the 2006 ABS statistics (877,379 ha) is much greater than that indicated in the 2001 National Land Use Map (570,800 ha; Bureau Rural Sciences 2006), partly because of changes in land use but also possibly due to double counting of land area in the ABS dataset where land is sown to more than one horticultural crop in a single year. Our data may therefore overestimate the possible importance of horticulture to the national agricultural C balance. There are too many horticultural crops for C balances to be constructed for each and generic crop types are likely to be required. Grapevines warrant their own assessment and possibly potatoes, but other vegetable and orchard crops could use generic C accounting practices based on whether they are annual or perennials and whether the fruits, roots or leaves are harvested.
For carbon accounting purposes estimates of annual dry matter production, harvest index and residue returns will be required for the crops presented in Table 10 . In Tier 3 carbon accounting systems such as the implementation of FullCAM across Australia resolution of carbon inputs and losses at a fine spatial scale (ca 1 ha) is required.. It is proposed that for each of these crops annual dry matter, production will be estimated available climate surfaces containing temperature, rainfall, frost, and vapour pressure deficit data. In combination with the National Land Use Map (Bureau Rural Sciences 2006) this will allow spatially explicit approximations of crop dry matter production and when combined with harvest index estimates (Unkovich et al. 2009 (submitted) ) and shoot:root ratios this will allow calculation of C in residue returns at the required spatial scale. Some similar crops (e.g. C3 cereals, some grain legumes) may be able to use the same dry matter-climate relationships but this has to be demonstrated before aggregation can occur. Although management can have an impact on crop growth and particularly yield, it will not be possible to "know" crop management practices at the scale used in FullCAM. While the dry matter estimates for these crops might be inaccurate for a given point they are likely to closely approximate dry matter when aggregated across regions. For horticultural crops which are fully or partially irrigated a useful approach might be to use regional yield estimates to construct gross C balances which could then be applied across the plantings for each of root vegetables, leaf vegetables, annual 'fruit' vegetables, viticulture, and orchards (fruits, berries and nuts).
The present analysis has not considered pastures. In the 2006 ABS agricultural census, only the area of "Grazing land (including pastures, rangelands and other land suitable for grazing)" was obtained, grouping all pastures and grazing lands together into a single category. This means that there is no suitable recent information on regional pasture types. The most thorough assessment of Australian pasture types was done by survey in 1994, when the Australian Temperate Pastures Database (Hill and Donald 1998; Pearson et al. 1997) collated information on 128 different pasture types in the intensive land use zone of Australia at SLA scale. While this provided a very detailed dataset of pasture type, species composition and other qualitative factors, its relevance 15 years on cannot be easily established, and certainly there have been substantial sowings of new pasture species since then (e.g. Loi et al. 2005) . Identifying just what pastures are grown where and what their productivity is for C accounting purposes will require further research, a survey such as that reported by Pearson et al. (1997) , or some bold assumptions.
Conclusions
Fifteen field crops have been identified for inclusion in a national carbon accounting system for Australian agriculture, based on their fractional contribution to the total area of crop sowings. Expanding the list to 22 crops, >99% of the field crop area will be covered in each State. In terms of 2006 total crop area, the Northern Territory and the ACT were unimportant. The crop rankings presented here provide an avenue for focusing research effort in C accounting in each State. Horticultural crops are much less important in terms of land area, and for C accounting purposes a few generic crop types could be used, excepting perhaps for grapevines. The field crop rankings presented represent only the area of crop sowings and should not be taken as rankings of importance in terms of the magnitude of GHG fluxes. Their importance in terms of contributions to GHG emissions awaits a more detailed analysis of climate, soils and management practices across each of the regions where the crops are grown. This analysis focuses only on C inputs to agricultural ecosystems via crop residues, ignoring greenhouse gas fluxes such as nitrous oxides and methane. For these a different set of criteria other than land area will be required to prioritise full GHG accounting procedures. For pastures the way ahead is less clear. There is a need for more detailed, up to date, spatially explicit information on the predominant pasture types within the intensive land use (cropping) zone of Australia. This could be provided by survey. The dataset presented here is the most comprehensive account of crop sowings presented in the literature and provides a useful resource for those with an interest in Australian agriculture. 
